Abstract A positive correlation has been reported between the amplitudes of the 10 Hz and lower frequency components of the physiological tremor (PT) at low force levels, though the generation mechanisms based on motor unit (MU) firing properties are different. This study aimed to investigate the causal relation between these fluctuations. A computer simulation was performed to alter the fluctuation intensity, which enabled manipulation of MU firing properties. Two types of MU contributions to synchronization activity were considered to influence the intensity of the 10 Hz PT: (1) number of MUs involved in synchronization and (2) synchrony between MUs. The impact of oscillatory excitatory input from the central nervous system on the generation of the 10 Hz PT was also evaluated. The results showed that the lower frequency fluctuation (LF fluctuation) was influenced by the number of MUs contributing to the 10 Hz PT amplitude. The synchrony between MUs and the oscillatory excitatory input had no influence on the LF fluctuation. In conclusion, MU synchronization in a certain frequency range increased the fluctuations not only at the synchronizing frequency but also at lower frequencies, and the number of MUs involved in synchronization was a plausible factor to explain the correlation between the 10 Hz and LF fluctuations.
Introduction
When an individual performs a position-or force-holding task, muscle forces fluctuate around an average value as a result of motor control uncertainty. These fluctuations, observed in normal individuals, are known as the physiological tremor (PT). Though fluctuation amplitude has been shown to correlate positively with muscle force (Moritz et al. 2005; Taylor et al. 2003) , the amplitude in the frequency domain is more damped at higher frequencies (Christakos et al. 2006; Erimaki and Christakos 1999; Sowman and Türker 2005; Taylor et al. 2003) . For example, the amplitude of finger force fluctuation was shown to fall off at approximately -30 dB/decade in the squared power spectrum around 10 Hz (approximately between 1 and 30 Hz) (Allum et al. 1978; Endo and Kawahara 2010) . In other words, the force fluctuation is dominated by low frequency components up to 5 Hz. It has also been shown that there are several frequency peaks in the PT (Christakos et al. 2006; Elble 1996; Halliday et al. 1999; McAuley and Marsden 2000; McAuley et al. 1997; Takanokura and Sakamoto 2001; Vaillancourt and Newell 2000) . For example, finger tremors show oscillations at 10, 20, and 40 Hz (McAuley et al. 1997; Takanokura and Sakamoto 2001; Vaillancourt and Newell 2000) . The 10 Hz component is the most common frequency peak in neurophysiologic tremors, which are Communicated by Alain Martin. associated with peaks ranging between 6 and 12 Hz (Christakos et al. 2006; Elble 1996; McAuley and Marsden 2000) . The 20 Hz component of finger tremors is due to oscillations caused by mechanical resonance observed in postural tremors. The 40 Hz component is also neurological but cannot always be detected clearly (McAuley et al. 1997) . During a force-holding task, the frequency peak around 10 Hz is often observed in the power spectrum of fluctuations (Christakos et al. 2006; Elble and Randall 1976; McAuley and Marsden 2000; McAuley et al. 1997; Nordstrom 1995, 1998) . To sum up, the fluctuation that is composed of low frequency components is the dominant component of force tremors, and the fluctuation that oscillates around 10 Hz appears as a second prominent component.
Interestingly, the amplitude of the 10 Hz fluctuation was reported to correlate with the intensity of fluctuations at low force levels (Endo and Kawahara 2010; Vasilakos et al. 1998) . A positive correlation between fast Fourier transform (FFT) peak amplitudes of the 10 Hz fluctuation and standard deviations (SDs) of the lower frequency component of fluctuations was observed in force-holding tasks (Endo and Kawahara 2010) , while a positive correlation between RMS values of the 10 Hz fluctuation and SDs of total fluctuation was observed in finger positionholding tasks (Vasilakos et al. 1998) .
As for generation mechanisms, the 10 Hz fluctuation component of the PT is results from neurophysiologic sources, i.e., synchronized motor unit (MU) oscillations (Christakos et al. 2006; Erimaki and Christakos 1999; Halliday et al. 1999 ) and/or common oscillatory excitatory input from the central nervous system to a motoneuron pool (McAuley et al. 1997; Raethjen et al. 2002; Wessberg and Vallbo 1996) . On the other hand, though sources of the low frequency fluctuation of the PT are obscure, the performance of voluntary motor control with visual feedback (Miyake et al. 2001; Vasilakos et al. 1998 ) and involuntary muscle force fluctuations (Moritz et al. 2005; Taylor et al. 2003 ) are considered to be involved. As for a cause of muscle force fluctuations, discharge rate variability of MUs has been reported to contribute to force fluctuations (Laidlaw et al. 2000; Moritz et al. 2005; Taylor et al. 2003; Tracy et al. 2005) . Discharge rate variability of the lastrecruited largest-size MUs is a determinant of force fluctuations (Moritz et al. 2005) . The above mechanism has been shown to account well for age-related differences in fluctuations, specifically the fact that older adults show larger fluctuations and greater variability in MU discharge rates compared with younger adults (Laidlaw et al. 2000; Tracy et al. 2005) .
Because it is difficult to explain all the fluctuation components of the PT using a single MU firing property, some uncertainty remains concerning the relation between the amplitudes of 10 Hz and lower frequency fluctuations (LF fluctuation). Therefore, this study aimed to evaluate the causal relation between the 10 Hz and LF fluctuations. In order to alter fluctuation amplitudes based on the above mechanisms, it is necessary to change MU discharge properties. Due to the difficulty in directly manipulating these properties, we utilized a computer simulation in this study. Because the correlation between the 10 Hz and LF fluctuations was observed at low force levels and it has been reported that fluctuations and control strategies differ between low and moderate force levels (Moritz et al. 2005; Sosnoff et al. 2006; Taylor et al. 2003) , the simulation was performed at a 10% MVC (maximal voluntary contraction) force level. To demonstrate muscle force fluctuations, Fuglevand's motor unit model was adopted (Fuglevand et al. 1993) . The 10 Hz fluctuation of the PT was based on MU synchronization and excitatory input from the CNS.
Methods

Motor unit model
A model of MU recruitment and rate coding, originally developed by Fuglevand et al. (1993) , was used to simulate the isometric force produced by a pool of MUs. The model parameters have been modified to fit actual measurement data (Moritz et al. 2005; Taylor et al. 2003; Taylor et al. 2002; Yao et al. 2000) . Moritz et al. (2005) were able to demonstrate the coefficient of variation (CV) for force, especially at low forces that previous reports failed to simulate, and for the most part their parameters were used in this study.
In brief, whole muscle force was calculated as the linear sum of single MU forces. Single MU forces were derived as the impulse response of an action potential (Fuglevand et al. 1993) . The number of MUs included in the pool was 180 (Moritz et al. 2005 ) and a 100-fold range of twitch forces was used (Fuglevand et al. 1993) , where MU 1 was the first recruited, had the smallest twitch force [1 arbitrary unit (au)], and the longest contraction time (90 ms). MU 180 was the last recruited, and had the largest twitch force (100 au) and shortest contraction time (30 ms). The twitch forces of other MUs were distributed exponentially, with contraction time depending on twitch force (an inverse power function) (Fuglevand et al. 1993) .
MUs were recruited when the excitatory input from the CNS, E in , went over the recruitment threshold of each MU. Recruitment thresholds were determined based on an exponential function with a 12-fold range, with arbitrary excitation units from MU 1 to MU 180 (Yao et al. 2000) , where MU 180 was recruited at 59% MVC.
The minimum discharge rate was set at 7.6 pps (pulses per second) for MU 1 and increased linearly with recruitment threshold to 17.9 pps for MU 180 (Moritz et al. 2005) . The maximal discharge rate also increased linearly from 17.6 to 34.8 pps (Moritz et al. 2005) . Variability in discharge rate, i.e., the CV for the interspike interval (ISI), which was the most important property in simulating the low-force CV, was determined to decrease exponentially from 30 to 10% as force increased (Moritz et al. 2005) .
Excitation E in was modeled as a ramp-and-hold function with a 1 s ramp increase interval and a 5 s constant level. A constant excitation level was set with a mean force of 10% MVC. When all MUs were recruited and were discharging at their maximal firing rates, the maximum force was to be 31,567 au, and MU 1-110 were recruited at 10% MVC (3,150 au). The averaged discharge rate of all active MUs was 12.9 pps, where the discharge rate of MU 1 was 11.2 pps and that of MU 110 was 13.9 pps.
Motor unit synchronization A model of MU synchronization for the 10 Hz PT was implemented based on previous reports (Taylor et al. 2002; Yao et al. 2000) . In these studies, one MU was selected as a reference MU, and the action potentials discharged by other selected MUs [either randomly chosen (Yao et al. 2000) or those with similar recruitment thresholds (Taylor et al. 2002) ] were synchronized to randomly selected discharges of the reference MU. In this study, however, in order to synchronize periodically and generate a 10 Hz oscillation, one reference signal for synchronization (not MU, but an impulse train) was generated and action potentials discharged by selected MUs were synchronized to the reference signal, where ISIs of the reference impulse were not regular and varied with a Gaussian distribution with a 100 ms mean (10 Hz) and 10 ms of SD. Because the last-recruited large MU is important for the generation of tremor (Christakos et al. 2006; Erimaki and Christakos 1999) , the MUs synchronized to the reference signal were selected, in turn, from the largest active MU (ex. MU 110, 109, 108 and so on).
It was reported that a large 10 Hz PT showing a large, narrow peak in the force spectrum was associated with widespread MU correlations, whereas a weak tremor showing a small, broad peak in the spectrum exhibited uncorrelated or weakly correlated MU firing (Christakos et al. 2006; Erimaki and Christakos 1999) . From these features, we considered two types of MU synchronization parameters to contribute to the tremor intensity: (1) number of MUs contributing to the synchronizing activity and (2) synchrony between MUs contributing to the synchronizing activity.
To manipulate the number of MUs contributing to the synchronizing activity, two model parameters were adjusted: (1) the maximum number of MUs that is able to synchronize to the reference signal and (2) a permissible time interval between action potentials and the reference impulse (Taylor et al. 2002; Yao et al. 2000) . To be selected as the action potential contributing to the tremor generation, an MU must have been between the largest active MU and the ith MU [i = 110 -(maximum number -1)] and must discharge an action potential within a permissible interval of the reference discharge. For the maximum number, 10, 25 and 40% of active MUs were considered. For the permissible time interval, 50 ms [almost no limits (Yao et al. 2000) ], 30 and 15 ms (Taylor et al. 2002) were investigated.
To change the synchrony between MUs, the temporal alignment of selected discharges with the reference impulse was not exactly coincident. The synchrony with the reference impulse varied based on a Gaussian distribution with a 0 ms mean and various SDs (Taylor et al. 2002; Yao et al. 2000) . The SD was varied from a physiologically appropriate level (2 ms (Yao et al. 2000) ) to a less correlated level: SDs examined were 2, 10 and 20 ms.
Finally, as shown in Fig. 1 , the following three simulation parameters were varied for the MU synchronization and compared with a no-synchrony condition: (1) the maximum number of MUs that is able to synchronize to the reference signal-10, 25 and 40% of active MUs; (2) the permissible time intervals for synchronization-15, 30 and 50 ms; and (3) the synchrony between MUs-2, 10 and 20 ms of SD.
Common rhythmic modulation
In order to examine the influence of the oscillatory excitatory input from the CNS, the simulation was also executed without MU synchronization. The oscillatory excitatory input was achieved by adding an oscillating component to the excitation E in , where the excitation was modulated with a sinusoidal oscillation of 10 Hz under a no-synchrony condition. Three oscillatory levels were examined, with amplitudes of 10, 20 and 30% of the constant excitation level, and the largest MUs included in the oscillatory excitations for each oscillatory level, respectively, were MU 102-117, MU 94-123 and MU 84-129.
Simulation procedure
The simulation was implemented in Matlab version 7 (Mathworks, Natwick, MA, USA), and the time resolution of the simulation was 1 ms. In the first step, the no-synchrony condition was simulated and the train of action potentials of each MU was saved. In the next step, the conditions of MU synchronization were executed using the saved action potential trains; i.e., the discharge adjustment processes for synchronization, explained in the section on MU synchronization in ''Methods'', were performed using the action potentials of the no-synchrony condition. The oscillatory input condition was simulated based on the no-synchrony condition. Each test condition was run 10 times.
Data analysis
The aim of this study was to evaluate the causal relation between the 10 Hz and LF fluctuations, and these fluctuations were analyzed separately. To compare fluctuation amplitudes, both fluctuations were defined with SD. The fluctuation around 10 Hz (10 Hz fluctuation) was defined with the SD, where the original data were band-pass filtered with a range between 5 and 18 Hz. The LF fluctuation was the SD in the lower frequency range, where the original data were low-pass filtered with a cut-off frequency of 5 Hz. As for the analysis period of one simulation, in order to exclude the data of the ramp section, the data from 4,096 samples over 1.8 s were used.
Because a peak corresponding to the mean discharge rates appeared clearly in the power spectrum (Taylor et al. 2003) , peak amplitudes around 10 Hz and the component corresponding to the mean discharge rate (around 13 Hz) were further examined. These two frequencies were too close to separate with the filter technique, so the two components were examined in the power spectrum. The power spectrum was calculated using a FFT algorithm, where the data were divided into two blocks of 2,048 samples each (frequency resolution was approximately 0.5 Hz). The peak amplitudes of the 10 and 13 Hz components were obtained from the averaged power spectrum to improve the S/N ratio (two blocks and 10 simulations, 20 blocks in total).
Statistical analysis
Influences of the MU synchronization parameters on the fluctuations were compared with two-way analysis of variance (ANOVA). Influences of the oscillatory excitation were tested with one-way ANOVA. The Bonferroni test was used for a post hoc multiple comparison test. The Pearson correlation coefficient was calculated to examine the relation between the 10 Hz and LF fluctuations. Statistical analysis was performed with SPSS v.16 (SPSS Inc.).
Results
The number of MUs contributing to MU synchronization, stratified by maximum number of MUs and permissible time intervals, is shown in Table 1 . As the maximum number and the permissible time interval became larger, the number of MUs increased. If the permissible time interval was not considered, i.e., if all MUs (maximum number) were synchronized, the numbers of MUs included in the synchronization were 11, 27 and 44, respectively, at each maximum number range. Therefore, almost all MUs were synchronized to the reference signal when the permissible time interval was 50 ms.
Examples of simulated data are shown in Fig. 2 . Four peaks were observed: \5 Hz, at 10 Hz, around 13 Hz, and at 20 Hz. In the no-synchrony condition shown in Fig. 2a , the LF fluctuation under 5 Hz appeared, along with a peak around 13 Hz. Under 10 Hz synchronization, a small peak appeared at 10 Hz (Fig. 2b) . Under the highest level of synchronization, a large peak appeared at 10 Hz and the LF fluctuation became larger (Fig. 2c) . Though a peak appeared around 20 Hz, it was considered to be a harmonic of 10 Hz, because a sharper 20 Hz peak appeared in the 10 Hz oscillatory excitatory input condition (Fig. 2d) .
Amplitudes of the 13 Hz component changed less than those of the 10 Hz component. Figure 3 shows the changes in amplitude of the 10 and 13 Hz components obtained from the FFT power spectrum. Though the amplitudes of the 10 Hz component changed dramatically depending on the simulation condition, the amplitudes of the 13 Hz component were always around 10 au.
Because the changes in amplitude of the 13 Hz component were smaller than those of the 10 Hz component, the influence of the 13 Hz component on fluctuation was considered to be negligible. A post hoc test showed that as the maximum number (x axis) and the permissible time interval (plots) became larger, the fluctuations increased. However, though the increase of the 10 Hz fluctuation was evident (Fig. 5a ), the increase of the LF fluctuation was small (Fig. 5b) . The same tendency was observed with the 10 and 20 ms MU synchronies, though the effects on the increase in fluctuation amplitude became slightly weaker.
In contrast to the maximum number of MUs contributing to MU synchronization, different MU synchrony conditions had varying influences on fluctuations. Variations in maximum number of MUs under a 50 ms permissible time interval condition are shown in Fig. 6 . There was an interaction between the maximum number of MUs and MU synchrony durations for the 10 (Fig. 6a) . However, the LF fluctuations did not change with MU synchrony. As indicated in Fig. 6b , significant differences were observed only between maximum number pairs (ex. 10 vs. 25% and 10 vs. 40% under the 10 ms MU synchrony condition), and no significant differences were observed between MU synchrony pairs. These results were the same in the 15 and 30-ms permissible time interval conditions.
Common rhythmic modulation
Fluctuations in the conditions of the oscillatory excitatory input are shown in Fig. 7 . One-way ANOVA showed that there were significant differences in the fluctuations [F(3, 40 Finally, the relation between the amplitudes of the 10 Hz and LF fluctuations is summarized in Fig. 8 . Because the effect of MU synchrony conditions on fluctuations differed from that of the maximum number of MUs and the permissible time interval, MU synchrony levels were plotted using different symbols, and two other parameters, the maximum number of MUs and the permissible time interval, were plotted without distinction. In general, it was shown that LF fluctuations increased along with 10 Hz fluctuations. However, the degree of increase strongly depended on the conditions involved.
Discussion
The purpose of this study was to examine the relation between the amplitudes of the 10 Hz and lower frequency components of force fluctuations. Because the generation mechanisms of these fluctuations are different, it was difficult to use a single MU firing property to explain the relation between these fluctuations. Using a computer simulation, Yao et al. (2000) demonstrated that MU synchronization increased fluctuations.
If the time interval in which MUs were synchronized was indeterminate rather than constant, fluctuations occurred and fluctuation amplitudes increased with the number of MUs in synchrony, though the average force was not influenced. In their report, however, synchronization timing was not periodic but random. Therefore, no periodic Fig. 2 Example of simulated waveform and FFT power spectrum. a No-synchrony condition, b weak synchronization (maximum number = 25%, permissible time interval = 30 ms, MU synchrony = 10 ms), c high synchronization (maximum number = 40%, permissible time interval = 50 ms, MU synchrony = 2 ms), d oscillatory excitatory input = 30%. In the FFT power spectrum, spectra of filtered data were also shown. Scale of the FFT power spectrum in d is different from other spectra components were included in the fluctuations and the increase in fluctuations was not considered to relate to a specific frequency component. In this study, therefore, the synchronization was limited to periodic timing (10 Hz) and the LF fluctuation was analyzed separately from the 10 Hz component.
Comparison between simulated and experimental results
We previously reported that there was a correlation between the 10 Hz and LF fluctuations in finger force PT experiments (Endo and Kawahara 2010) . In this prior study, the force data were first-order differentiated to decrease the attenuation in the frequency domain and enhance FFT peaks of the 10 Hz PT. The force data obtained previously were reanalyzed using the methods employed in simulation, i.e., measured data (not differentiated) were band-pass filtered and SD was calculated for the LF fluctuation. As shown in Fig. 9 , a slope of the simulation results of the 2 ms MU synchrony condition (see also Fig. 8 ), which is a physiologically appropriate level (Yao et al. 2000) , was closest to the experimental results. Because the target force levels differed between the simulated and experimental results, ranges of the 10 Hz fluctuation were different. However, regression lines corresponded closely.
Influence of MU synchronization
It was reported that the large 10 Hz PT was accompanied by (1) greater MU synchrony and (2) a larger number of synchronizing MUs (Christakos et al. 2006; Erimaki and Christakos 1999) . Therefore, two parameters were considered to change the amplitude of the 10 Hz fluctuation: (1) the synchrony with the reference signal and (2) the number of MUs contributing to the 10 Hz PT. In addition, the number of MUs contributing to the 10 Hz PT changed with the maximum number of MUs synchronized with the reference signal and the permissible time interval between action potentials and the reference impulse (Taylor et al. 2002; Yao et al. 2000) .
As expected, these three parameters strongly influenced the 10 Hz fluctuation. When the maximum number of MUs considered for synchronization and the permissible time interval for synchronization became larger, the amplitude of the 10 Hz fluctuation became larger. In addition, the higher the MU synchrony, the larger the amplitude of the 10 Hz fluctuation. Because these parameters cause a higher number of action potentials to closely approach the reference impulse, the amplitude of the 10 Hz fluctuation increases.
The LF fluctuation was influenced by the number of MUs contributing to the 10 Hz PT amplitude, though the changes in the LF fluctuation amplitude were not large. On the contrary, the synchrony between MUs did not influence the LF fluctuation at all (Fig. 6b) . As shown in Fig. 8 , even when the SD of the MU synchrony changed from 2 to 20 ms, the range of the LF fluctuation did not change (the range of changes was approximately between 50 and 80 au). Therefore, it was the number of MUs contributing to the amplitude of the 10 Hz PT and not the MU synchrony that was considered to be a plausible explanation for the correlation between the 10 Hz and LF fluctuations under the current simulation parameters. Yao et al. (2000) reported that the fluctuations (SD and the total power in the FFT) increased when larger number of MUs were included in the synchronization (specifically, their study compared moderate synchrony with high synchrony). Taylor et al. (2003) also reported that there were differences in SD between the synchrony and synchronization in a certain frequency range increases the fluctuations not only at the synchronizing frequency but also at the lower frequencies.
Influence of oscillatory excitatory input
In addition to MU synchronization, the oscillatory excitatory input from the CNS is considered to a source of the 10 Hz PT (McAuley et al. 1997; Raethjen et al. 2002; Wessberg and Vallbo 1996) . Taylor et al. (2003) demonstrated that though 20 Hz oscillatory input did not change the fluctuation compared with a no-oscillatory input condition, 1 Hz and 12 Hz oscillatory input increased the fluctuation. However, as mentioned earlier, no discrimination in the frequency range was done in their study, and it was unclear whether the increase in fluctuation was due to the oscillatory input itself or not. The present results indicated that though the oscillatory input strongly influenced the amplitude of the 10 Hz fluctuation, there was less effect on the LF fluctuation (Figs. 7, 8 ).
Considering the results of the MU synchronization and oscillatory input, it was difficult to explain an increase in LF fluctuation simply by virtue of an increase in the 10 Hz component. However, because the number of MUs contributing to the 10 Hz PT was the only plausible parameter in the current simulation, the following reason was considered. When MUs are synchronized, action potentials are gathered from randomly distributed time points into a small time interval. Then, when a greater number of MUs are synchronized, the distribution of the twitch force becomes distorted and the fused twitch forces realized by random distribution become unfused. Consequently, the LF fluctuation is believed to increase. Influence of visual feedback It was reported that when the force-holding task was performed without visual feedback, fluctuations tended to decrease (Baweja et al. 2009; Taylor et al. 2003; Tracy 2007) . In the frequency domain, the frequency components of fluctuation lower than 3 Hz showed a significant difference between conditions with and without visual feedback (Baweja et al. 2009 ). However, the differences were observed under moderate-force conditions, and no difference was observed when the task was performed under low-force conditions (Baweja et al. 2009 ). It was reported that fluctuations and control strategy were differed between moderate and weak force levels (Moritz et al. 2005; Sosnoff et al. 2006; Taylor et al. 2003) . Though visual feedback was not considered in the present simulation, the target force was the low-force condition. Therefore, the influence of visual feedback was considered to be small, if at all present.
Conclusions
Up to this point, the 10 Hz and LF components of the PT have been discussed separately and different mechanisms were proposed for each, and it has been difficult to account for both fluctuations simultaneously using the same MU firing property. This led to the challenge of explaining the relation between the 10 Hz and LF fluctuations. In this study, we attempted to do this by including the generation mechanisms of the 10 Hz PT in the MU force fluctuation model. Our computer simulation showed that the only plausible factor to explain the correlation between the 10 Hz and LF fluctuations was the number of MUs considered to synchronize with the reference signal (10 Hz PT timing). The MU synchrony and the oscillatory excitatory input from the CNS failed to explain the relation between the 10 Hz and LF fluctuations. The finding that MU synchronization influences the fluctuation in the LF range provides new insight into the generation of force fluctuations.
